]. Tomography has also been performed using aftershocks from the 1984 Morgan Hill earthquake in the south of the study area [Michael, 1988] . Abundant microseismicity associated with geothermal activity made possible detailed velocity models at The Geysers in the far northern end of the study area (Figure 2 The earthquake tomography models and refraction profiles indicate that first-order differences in seismic velocity exist between the major Mesozoic units. Rocks of the Salinian terrane are faster than those of the Franciscan terrane, which in turn are faster than the Great Valley and younger sediments. These velocity contrasts have been used in some of the above studies to identify the subsurface locations of faults. These studies and earthquake epicenters [Hill et al., 1990 ] define roughly vertical planes beneath the major strike-slip faults. The maximum depth of seismicity ranges from 10 to 22 km in different portions of the study area. The lower crust is well constrained only by the Loma Prieta, BASIX, and San Francisco Peninsula refraction data. These studies indicate the presence of a 6-10 km thick, high-velocity, mafic layer at the base of the crust [Page and Brocher, 1993; Holbrook et al., 1996] . The crust in the study area thickens eastward from 20 km to 28 km [Brocher e,t al., 1999] .
Data
The 130 by 220 km study area for the tomographic inversion is shown in Figures 1 and 2 . The X-Y coordinate system was derived from a transverse Mercator projection with a central longitude of 122øW. The point X = 30 km, Y = 0 km was tied to 37øN, 122øW, and the coordinate system was rotated 35 ø about this point. Depth Z is given relative to sea level, with stations and earthquakes above sea level located at negative depths.
Earthquakes and stations from the NCSN were obtained from the Northern California Earthquake Data Center, maintained by the USGS and the University of California, Berkeley [Romanocwicz et al., 1994] . Earthquakes from 1968 through June 1995 were sorted for quality using the criteria below, which are stricter than for most California tomography studies. Hypocenters in the catalogue are computed using onedimensional (l-D) velocity models with linear velocity gradients. Ten different velocity models are used in different portions of the study area [Oppenheimer et al., 1993] . In the catalogue the velocity model is assigned based on the earthquake location, allowing different velocity models for the same station but compensating with station corrections. Travel time picks from the catalogue were not included in the 3-D tomographic inversion if their quality was poor enough that they were not considered in the catalogue hypocenter computation. Picks were also discarded if the travel time misfit from the catalogue hypocenter was >0.5 s. Earthquakes were used only if the magnitude was >_2.0, the catalogue hypocentral error estimates were <2 km in depth and <1 km horizontally, and the root-mean-square (rms) hypocentral travel time misfit was <0.2 s. Finally, each earthquake had to be recorded with acceptable quality on at least 10 stations within the study area. Rays were traced to a maximum epicentral distance of 90 km to minimize use of the mantle refraction phase. This distance is based upon the cross-over distance of 90-100 km in BASIX refraction data. Figure 2 shows the 160 stations and 7742 earthquakes used in the inversion, yielding a total of 231,396 earthquake travel times. In addition to the earthquake data, wide-angle refraction data from the BASIX survey were used in the inversion. An air gun array was fired every 50 m along overlapping ship tracks in the Pacific Ocean, along SFBay, and up the waterways to the Sacramento River delta (Figure 2) . The shots were recorded in an off-line geometry at 14 temporary seismograph stations [Brocher and Moses, 1993] and 34 NCSN stations [Brocher and Pope, 1994] (Figure 2 ). These data were picked at a small, regularly spaced subset (259) of the air gun shots, adding 2874 controlled-source travel times to the inversion. Coherency of the first arrival in a receiver gather from spatially nonaliased sources improved the quality of the picks. Since the travel times represent only a subset of the redundant information and, unlike the earthquakes, the source locations are known, the BASIX data were given 10 times weighting in the A linearized velocity inversion is performed through simple backprojection [Hole, 1992] . Times and rays are recomputed and inverted in an iterative nonlinear scheme that allows for arbitrarily complex velocity structure and ray paths. Nonlinear inversion becomes more important as the spatial resolution of the model improves [Hole, 1992] Table 1) .
The strategy used to create the final model was thoroughly tested. The goal of the inversion was to produce a robust model that contains minimum structure. The preferred convergence scheme (Table 1) One of the disadvantages of linearized inversion schemes is that the result often depends upon the starting model. The relatively slow convergence with gradually decreasing smoothing greatly reduces this dependence. Four different 1-D starting models were tested using the preferred convergence scheme, two with constant velocity gradients (Figure 4 ) and two with a gradient which decreased with depth. Since the goal was a minimum-structure model constrained only by the data, results of previous studies were not incorporated in the starting model. Linearized tomography that applies spatially smooth perturbations to the starting model cannot get rid of higher-frequency structure imposed by a starting model. This includes the high-frequency component of broadband structure, such as discontinuities. The constant gradient models are thus preferred. The results can be independently compared to previous models. The starting model with the lower gradient produced a final model with an average 1-D velocity -0.1 km/s slower (Figure 4) . These two starting models have very different initial velocity gradients, which results in very different initial ray coverage and application of velocity perturbations.
However, lateral and vertical .velocity contrasts, relative earthquake locations, and the data misfits in the two final models are very similar (Plates 3a and 3c). Since these two starting models bracket the final average gradients, they can probably be considered end-members. The difference in average velocity is due to a trade-off between hypocenter depth and velocity. The average hypocenter depth was 0.57 km shallower in the slower model.
Either of these models is acceptable by any measurable criterion, so the preference for the faster model is arbitrary. Similarly, the slow convergence scheme is insensitive to reasonable errors in the initial hypocenters because the earthquakes are relocated in the velocity model before detailed velocity structure is allowed.
The trade-off between hypocenters and velocity was explored using different relative rates of hypocenter and velocity convergence (Table 1) . Plates 3d and 3g show results with fixed hypocenter locations (Table 1) Earthquake tomography without hypocenter inversion is generally considered incorrect because artifacts can be created in the velocity model [e.g., Thurber, 1992] . Plates 3f and 3i allowed the hypocenters to float by using a large number of hypocenter iterations (Table 1) . Since the hypocenter-only linearized inversion converges i n significantly fewer iterations than the velocity-only linearized inversion, the hypocenters are completely relocated before the velocity evolves far from the starting model. This scheme continuously relocates the earthquakes as the velocity model evolves, pushing as much of the travel time misfit as possible into the hypocenters. While this may be optimum for minimizing velocity structure, it is at the possible expense of scatter or bias in the hypocenters. The true solution probably lies between these models. The preferred solution (Plate 1) allows more of the travel time misfit to be assigned to the velocity model but is close enough to the floating hypocenter model that it is virtually independent of the starting hypocenters. An alternative scheme fixes the hypocenters during determination of the large-scale structure, trusting the catalogue to be close to correct at these scales, then subsequently floating the hypocenters (Table I and Plate 3e). The range of models produces very similar large scale structure above 10 km depth, but contains some variation in details. All of the inversions with hypocenter relocation produce similar data misfits.
The trade-off between hypocenters and velocity is most pronounced at the edges of the model region, followed by depths at and below the deepest earthquakes.
Spatial resolution determined using the linearized matrix can provide false confidence, particularly when implicit constraints are placed on the model through a coarse parameterization. "Checkerboard" tests using a realistic model provide estimates of the spatial resolution for the full nonlinear and nonunique problem. Synthetic travel time data were created for the sources and receivers of Figure 2 Catalogue hypocenters indicate that the easternmost SFBay area seismicity extends to more than 22 km depth (Plate 2, Y -95 km), some of the deepest seismicity in California's strike-slip system [Hill et al., 1990 ]. The tomography model relocates these earthquakes to depths <20 km at the sharp western boundary of the basin (Plates 1 and 2) .
East of the Rogers Creek Fault, the surface geology is complex, comprising slivers of the Franciscan terrane, Great Valley Sequence, ultramafic ophiolite associated with the faulted terrane boundary, and Cenozoic volcanism (Plate 5). The gravity data correlate with trends in the geology but the velocity model is uniformly fast.
The seismic station coverage is relatively sparse in most of this region, and the spatial resolution is larger than the geologic units, so the model may be averaging the effects of the shallow igneous rocks. Relatively high seismic velocity persists to at least 1 1 km depth beneath the Sonoma volcanic field but not beneath The Geysers and the Clear Lake volcanic field farther north (Plate 1), similar to the less well resolved deep results of Stanley et al. [1998] . The velocity beneath the Sonoma volcanics reaches 6.0 krn/s at about 7 km depth and is 6.4 krn/s at 12 km depth. These values are higher than normal for the Franciscan terrane and are presumably due to felsic intrusion or metamorphism associated with the volcanism. The velocity is too low for extensive mafic intrusion in the upper crust. No large low-velocity body exists in the midcrust beneath The Geysers region, in agreement with other recent data contradicting earlier studies which had suggested a large midcrustal magma chamber [Stanley et al., 1998 ].
The most striking feature of the velocity images of Plate 1 is the strong correlation between lateral contrasts in seismic velocity and the major strike-slip faults. These correlations persist vertically beneath the surface locations of the faults to the maximum depths constrained by the model. In the upper crust the San Andreas Fault is manifested as small velocity contrasts that vary along strike. Beginning at ,--9 km depth and persisting to the maximum depth of ray coverage, the 
1998
]. The maximum depth of seismicity in the southern half of the study area (Plate 2) closely mimics the suggested depth to the top of the mafic layer in the lower crust. The top of the mafic layer should produce an increase in strength with depth [Holbrook et al., 1996] , so the base of seismicity must be thermally controlled within the Franciscan rocks rather than structurally controlled at the top of the mafic layer. The brittle-ductile transition occurs at shallower depth north of SFBay.
Conclusions
Tomography has been used to invert earthquake and air gun travel time data in the SFBay area for 3-D seismic velocity and hypocenters. Nonuniqueness was explored in a new inversion algorithm by varying the starting model, the relative rates of velocity and hypocenter inversion, and the smoothing scheme. The model is consistent with surface geology and gravity data and allows extrapolation of surface structure to depth. Lateral velocity contrasts exist at all depths vertically beneath the major strike-slip faults, indicating that the faults penetrate most of the crust. The 3-D velocity model provides an improved understanding of the distribution of the major geologic units in the SFBay area.
Several smaller regions within the study area contain sufficient seismicity and stations to resolve finer-scale structure. Previous tomography studies at the southern end of our study region provide higher-resolution images near major faults (Figure 2) . However, these studies do not include regionally recorded seismicity and thus do not constrain well the structure farther from the faults, which in turn affects the near-fault image. The regional model described here should be used as a starting point to improve such local tomography studies. This approach was employed by Parsons The incorporation of the new seismic velocity model will improve research in these important topics.
